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Thermally induced stress relaxation and densification of spin-on-glass
thin films
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The stress—temperature relationship of silica spin-on-glass thin films on silicon wafers was studied.
Upon heating, the stress—temperature curves showed a dramatically increasing slope when the
temperature of the film was greater than 340 °C. At 450 °C, a significant, irreversible change in the
stress of the film was observed. This change in stress was correlated with an increase in film electron
density and a decrease in film thickness. The observed thermally activated stress—relaxation
behavior was interpreted in terms of reflow of the glassy hydrogen—silsesquioxane-based material.
© 2000 American Institute of Physidss0003-695(00)02704-3

Spin-on-glass  dielectrics based on hydrogen-solution onto 8-in.-diam silicon wafers with subsequent cur-
silsesquioxane(HSQ) are emerging as a viable lok-inter-  ing at 400 °C for 1 h. The final film thickness was nominally
planar dielectric for next-generation very-large-scale-400 nm for all samples. Film stress was calculated using the
integrated (VLSI) circuitry.>® The ability to spin coat a original, as-cured film thickness from the change of curva-
silicon-based prepolymer onto a wafer and convert it at lowture of the silicon wafer before and after the film was coated.
temperature to silica offers several important advantaged\ccording to Stoney’s equatidhthe film stressr is given by
The most important of these is the ability to planarize com- B 2

) . : o=E,d?/(6RY), (1
plex metal topography via the spin-coating process, thereby
reducing the reliance on expensive planarization processaghereE,=E/(1— v) the biaxial modulus of the wafeE is
such as chemical-mechanical polishfnd. second major the elastic modulus of silicony is the Poisson’s ratio of
benefit is a lower dielectric constank<3) compared to silicon, R is the radius of the curvature of the wafer, ahd
silica deposited by chemical-vapor depositfolhis allows  andt are the thickness of the wafer and the film, respectively.
for faster signal propagation with less power dissipation and'he stress—temperature curves were measured by heating the
reduced cross talk. Finally, reflow of HSQ at high tempera-sample under flowing nitrogen at 2 °C/miexcept when the
ture, that is, the ability of the spin-on-glass to flow and findtemperature fell below 60°C and the cooling rate slowed
its own level during processing further enhances its ability todown). The uncertainty of the temperature at the high-
planarize metal topography and fill narrow gaps. Howevertemperature end was estimated to be 5°C as measured by a
as the various layers of circuitry are built up, the previouslythermocouple. The uncertainty of the calculated stress values
deposited lower layers must maintain their integriffhus,  is estimated to be 5% at room temperature by repeating the
reflow at elevated temperatures poses some complications antire procedure on test films known to have reproducible
the design of spin-on-glass processes when multilevel cirbehavior.
cuitry is involved. Therefore, an understanding of the ther-  Film thickness was measured with single-wavelength
mal behavior and dimensional stability of spin-on glass andpecular x-ray reflectivifyover an incident angular range of
similar dielectrics is one of the most important issues in de©.05° to 0.6° with coppeK« radiation having a fractional-
veloping high-speed electronic circuitfy. wavelength spread af\/A=1.3x10 * and an angular di-

In this letter we report the stress, electron density, andvergence of 12 s. The motion of the goniometer was con-
thickness behavior of HSQ thin films on silicon wafers upontrolled by a closed-loop active servo system with an angular
heating from room temperature to 450 °C, a typical processreproducibility of 0.0001°. The critical angle for x-ray reflec-
ing temperature. The stress was measured using a wafefon is a sensitive measure of the mean-electron density of
curvature method. The thickness and density were found ughe film. However, small sample tilt misalignments on the
ing x-ray reflectivity. This information, collected from the order of thousandths of a degree in the direction of reflection
same set of specimens, provides a detailed thermalsan cause significant errors in determining this critical angle.
mechanical description of the reflow of spin-on glass. To overcome this sample-alignment problem, x-ray reflectiv-

Spin-on-glass thin films were prepared according to thdty can be performed at many different wavelengths simulta-
manufacture’s specifications by spin coating the precursoneously. This is done by using not just the characteristic

intensities of the x-ray tub&or example, the « line of a
aE| ) - ) : Cu tube like the one used in these experimgriist also the
ectronic mail: c.chiang@nist.gov
bAlso at: Department of Chemistry, University of Tennessee, Knoxville, Proad-wavelength spectrum known as the bremsstrahlung.
TN. An energy-dispersive lithium-doped silicon x-ray detector
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FIG. 2. Total stress change as a function of time at 450 °C. The point given
FIG. 1. Typical stress—temperature curve for the hydrogen—silsesquioxanat a time of 0.01 min is for the unannealed sample.
spin-on-glass thin film. Arrows indicate heating and cooling directions. The
left scale gives the measured wafer bow, the right scale gives the film stress

found from Eq.(1). the thermal change in this case was permanent, or at least
very long lived. This indicated that at sufficiently long times
with 200 eV resolution is employed and its output directeda state of quasiequilibrium could be achieved indicative of
through amplifiers to a multichannel analyzZ@CA). Re-  structural changes in the glassy HSQ.
gions of interes{ROI) are defined on the MCA at various, To verify this, the changes in thickness and the electron
distinct wavelengths. Each ROI will result in a different re- density of the sample in Fig. 1 before and after heating at
flectivity curve. Data are collected by incrementally varying 450 °C were measured by x-ray reflectivity. A decrease in
the angle of incidence of the x-ray beam to the surface unddilm thickness(with estimated standard uncertainjigsom
study and measuring the intensity of the reflected x rays 01(430=47) to (38G:-30) nm was observed. Likewise, a
the multichannel analyzer in each ROI at each increment. Anean-electron  density increase from (4:9®1)
full description of this approach, its error analysis, and itsx 107 e /cn?® to (6.02+0.1)x 107 e /cm® was observed.
demonstration of standard materials has been published. This indicates there was a change in thickness, and a recip-
Figure 1 shows a full-cycle stress—temperature curveocal change in electron density between 10% and 20%.
(S—T curve reaching a maximum temperature of 450 °C. Since the thermal effect is cumulative, as shown by the re-
Upon heating, the stress of the HSQ thin film changed slowlypeated heating of a single sample, we can measure the effect
at temperatures below 340 °C. Above 340 °C the film stres$or all the films studied by classifying them in terms of the
rapidly increased with temperature. A stable state of stresime spent at 450 °C. The total change in film stress at 450 °C
was found when holding at 450 °C. Upon cooling, a slowwas estimated using the stresses at the low-temperature por-
variation of the stress was observed, but this time opposite ition of the heating curve as a base line. Figure 2 shows the
sign to the stress seen upon heating. The film stress remainedrrelation between the total change of the stress and the
high even upon returning to room temperature; however, iholding time at 450 °C. The fit to this data shows the heating
did begin to relax toward the original value after many dayseffect is exponential with time. Figures 3 and 4 show the
at room temperature and ambient conditions. This behavioglectron density and thickness of HSQ thin films as a func-
has been attributed to moisture absorption in the fflmhe  tion of annealing time at 450 °@ime corresponding to 0.01
thermal histories of four wafers used in this study are listedmin is for unheated sampled/Ne also observed an exponen-
in Table I. Some samples were cycled several times betweedral relation, similar to that found for the film stress.
room temperature and 250 °C. In these cases the stress of the The temperature dependence of the stress of the HSQ
film simply retraced the lower portion of th&-T curve in  film is mostly due to mismatch of the coefficients of thermal
Fig. 1. When the samples were subjected to multiple heatingxpansion(CTE) between HSQ and silicon. Smooth, con-
cycles to 450 °C with little or no time at ambient conditions, tinuously varying, linear changes in film stress are expected
the stress—temperature curves remained high and similar for the S—T curve of an unchanging film on a silicon wafer.
that of the top portion of the curve in Fig. 1. Several monthsThe large, irreversible stress deviations observed at tempera-
after the heat treatments, the film stress at room temperatutares higher than 340 °C indicate that there is some structural
was measured again and found to have remained high. Thust chemical changes occurring in the film. Two possible ex-

TABLE I. Processing conditions and measured properties for selected samples.

Processing and properties Wafer 13 Wafer 19 Wafer 12 Wafer 11
Total time at 450 °Qmin) 0 0.1 10 300

Initial stress(MPa? 23.8 37.0 23.1 23.6

Final thicknesgnm) 426.9 415.2 398.9 381.1
Electron density (1%/cnr) 4.99 5.22 5.60 6.04
Density relative to quartz 79% 83% 89% 96%

8 stimated from the ratio of stress changes at 250 to that of 450 °C.
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If the change of the stress and the large increase in elec-
tronic density of about 20% could not all come from oxida-
tion, a second explanation needs to be found. Recourse can
be made to the fact that the HSQ films are glassy materials
prepared under highly nonequilibrium conditions. When a
glass(which is strictly never at thermodynamic equilibritm
is heated, the material starts to move toward equilibrium by
flowing and reducing free volume, thereby becoming
denser! This explains the increase in HSQ film density with
annealing measured here, which has been recently examined
by positron annihilation lifetime spectroscopy* The in-
crease in density will also work to increase film modulus as
well, which may lead to the observed increase in film stress.

The reflow of the interlayer dielectric studied here has

FIG. 3. Electron density as a function of annealing time at 450 °C. The poinf €P€rcussions on circuit reliability. The oxidation of residual

given at a time of 0.01 min is for the unannealed sample.

planations arise. The first is that there has been an incorp

ration of oxygen into the thin film through oxidation of the
film itself. This may occur if the slowly flowing nitrogen did
not provide a sufficiently low oxygen partial pressuless
than 100 ppm (Ref. 3 to prevent the conversion of any
residual=SiH bonds tc=Si—0O—Si= bonds:

2[=SiH]+0,—[=Si0Si=]+H,0. 2)

=SiH groups would tend to retard this reflow process by
forming more chemical cross links within the system, thus
creating a more rigid, flow-resistant network. This effect is
%fpparently not great enough to completely prevent reflow for
the times and temperatures studied here, but may prove more
significant when lower processing temperatures are used, es-
pecially for newer silsesquioxane spin-on glasses intended to
be cured at lower temperatur¥'sFinally, we note that the
observed increase in film density would be expected to lead
to an increase in the dielectric constant. From the work of
Hrubesh, Keene, and LatotPeon silica aerogels of variable
mass density, we find that a density increase of 20% leads to
a dielectric constant increase of several percent. However,

However, this reaction can only account for about a smalthis does not take into account possible composition changes
change in the electron density of HSQ thin films when cal-due to oxidation, which will also effect the dielectric con-
culated strictly from atomic volume considerations. Specifi-stant.

cally, for the sample in Fig. 1, the product of density and ,
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thickness of the film was used to determine the mass conser-; 95
vation of the HSQ film. The 8% increase in the mass of the2n. p. Hacker, MRS Bull22(10), 33 (1997.

film that was found is likely due to oxidation.
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